Abstract Annually, thousands of sudden deaths in individuals under 35 years remain unexplained following comprehensive medico-legal autopsy. Previously, postmortem genetic analysis by Sanger sequencing of four major cardiac channelopathy genes revealed that approximately one-fourth of these autopsy-negative sudden unexplained death in the young (SUDY) cases harbored an underlying mutation. However, there are now over 100 sudden death-predisposing cardiac channelopathy-, cardiomyopathy-, and metabolic disorder-susceptibility genes. Here, we set out to determine whether post-mortem whole exome sequencing (WES) is an efficient strategy to detect ultra-rare, potentially pathogenic variants. We performed post-mortem WES and gene-specific analysis of 117 sudden death-susceptibility genes for 14 consecutively referred Caucasian SUDY victims (average age at death 17.4 ± 8.6 years) to identify putative SUDY-associated mutations. On average, each SUDY case had 12,758 ± 2,016 non-synonymous variants, of which 79 ± 15 localized to these 117 genes. Overall, eight ultrarare variants (seven missense, one in-frame insertion) absent in three publically available exome databases were identified in six genes (three in TTN, and one each in CACNA1C, JPH2, MYH7, VCL, RYR2) in seven of 14 cases (50 %). Of the seven missense alterations, two (T171M-CACNA1C, I22160T-TTN) were predicted damaging by three independent in silico tools. Although WES and gene-specific surveillance is an efficient means to detect rare genetic variants that might underlie the pathogenic cause of death, accurate interpretation of each variant is challenging. Great restraint and caution must be exercised otherwise families may be informed prematurely and incorrectly that the root cause has been found.
Introduction
Annually, 300,000-400,000 individuals die suddenly in the United States, with the majority involving the elderly and coronary artery disease [34] . Sudden death in the young is relatively uncommon, with an incidence of 1.3-8.5 per 100,000 patient-years [13, 22] . Yet, tragically each year, 1,000-5,000 otherwise healthy individuals aged 1-35 years die suddenly. The cause is often identifiable during comprehensive medico-legal investigation, including autopsy, and attributed to structural cardiovascular abnormalities [7, 26] . However, up to half of these cases remain unexplained [24, 30, 33] and are termed autopsy-negative sudden unexplained death in the young (SUDY).
Long QT syndrome (LQTS), catecholaminergic polymorphic ventricular tachycardia (CPVT), and Brugada syndrome (BrS) are potentially lethal, heritable cardiac channelopathies associated with syncope, seizures, and sudden cardiac arrest in the setting of a structurally normal heart and may account for a significant number of SUDY. Additionally, heritable cardiomyopathies, including hypertrophic cardiomyopathy (HCM), dilated cardiomyopathy (DCM), and arrhythmogenic cardiomyopathy (ACM) can display minimal structural abnormalities deemed inconclusive, or completely missed, and may underlie a significant portion of SUDY.
Post-mortem genetic investigation may elucidate the pathogenic basis for SUDY. Post-mortem genetic analysis of the four most common channelopathy-associated genes (KCNQ1 [LQT1], KCNH2 [LQT2], SCN5A [LQT3, BrS1], and RYR2 [CPVT]) have implicated LQTS, CPVT, and BrS as a pathogenic basis for approximately 25-30 % of SUDY [32] .
Because accurate diagnosis from molecular analysis of an SUDY victim may be crucial to surviving family members who may also be genetically susceptible to lifethreatening arrhythmia syndromes, recent guidelines for autopsy investigations of SUDY suggest that post-mortem genetic testing should become the new standard of care in evaluation of SUDY cases [2, 3, 8, 29 ]. However, with over 100 sudden death-susceptibility genes, the traditional ''one gene, one exon at a time'' Sanger sequencing approach to post-mortem genetic testing is often too time-consuming and cost-prohibitive for the medical examiner/coroner/ forensic pathologist community to provide this level of care given the financial landscape and unwillingness of major insurance companies to provide coverage/reimbursement for post-mortem genetic testing.
Next-generation whole exome sequencing (WES), allowing for the simultaneous genetic analysis of an individual's entire library of *20,000 genes, is an attractive, cost-effective ($1,000-$2,000 per sample), and time-conducive (few weeks) alternative technique for a comprehensive post-mortem genomic study [19] . In fact, we recently provided the first ever proof-of-principle case report of a WES-based comprehensive molecular autopsy of a previously healthy 16-year-old SUDY victim [19] . Subsequently, Bagnall and colleagues completed a WESbased post-mortem genetic analysis in their cohort of sudden death cases [6] .
Herein, using a cohort of 14 consecutively referred, unrelated autopsy-negative SUDY victims, we provide a replication study that illustrates the potential benefits as well as inherent complexity and daunting task of variant interpretation when performing a WES-based molecular autopsy in SUDY.
Materials and Methods

Medical Examiner-Referred Autopsy-Negative SUDY Cases
From May 2011 to February 2013, 14 consecutive, unrelated autopsy-negative SUDY cases (eight males, mean age 17.4 ± 8.6 years, range 1.3-29 years) were referred to Mayo Clinic's Windland Smith Rice Sudden Death Genomics Laboratory for research-based genetic testing. To be included, (a) the death had to have occurred between the ages of 1-35 years, (b) the autopsy had to be absent of any findings deemed causative of death, and (c) there was no ante-mortem diagnosis of any cardiac channelopathy (BrS, CPVT, LQTS) or cardiomyopathy (HCM, DCM, ACM) in the victim or any relative. Mayo Clinic Institutional Review Board-approved protocol for molecular autopsy was performed following informed written consent from the decedent's next-of-kin.
Whole Exome Next-Generation DNA Sequencing Three micrograms (lg) of genomic DNA isolated from 10 mL of autopsy blood using the Gentra Puregene Blood Kit (Qiagen, Germantown, MD) following the manufacturer's protocol, was submitted to Mayo Clinic's Medical Genome Facility (Rochester, MN), supported by the Mayo Center for Individualized Medicine for WES of all 14 SUDY victims. Following exome capture with the SureSelect XT Human All Exon V4 plus UTR Target Enrichment System (Agilent, Santa Clara, CA), 71-MB paired-end sequencing at 96 % coverage with a read depth of 359 was carried out on the Illumina HiSeq 2000 platform using V3 reagents. Variant alignment to the latest available human genome (hg19), mapping and assembly with quality (Maq) single nucleotide variant (SNV) detection [21] , Burrows-Wheeler Alignment insertion/ deletion (INDEL) detection [20] , Maq and Genome Analysis Toolkit-based SNV/INDEL calling, SeattleSeq/Sorting Intolerant from Tolerant (SIFT) annotation, and allele frequencies for variants in the Single Nucleotide Polymorphism database (dbSNP) and 1,000 genomes was carried out using the automated Targeted RE-sequencing Annotation Tool (TREAT) analytical pipeline developed at Mayo Clinic (Rochester, MN) [5] .
An annotated list of all SNVs/INDELs that met quality control standards was provided in an Excel (Microsoft, Redmond, WA) spreadsheet with links for variant visualization, tissue expression, and biologic pathway/process. Following WES and variant annotation, variant filtration involving the exclusion of all non-coding regions and synonymous variants (i.e., DNA nucleotide alteration amino acid sequence of the protein) and gene-specific analysis of the 117 channelopathy-(LQTS, CPVT, and BrS), cardiomyopathy-(HCM, DCM, and ACM), and metabolic disorder-susceptibility genes was performed to identify possible pathogenic mutation(s).
To be considered a possible pathogenic mutation responsible for sudden death, any variant discovered had to be absent in three publicly available exome databases including the 1,000 Genome Project (n = 1,094 subjects; 381 Caucasian, 246 African-American, 286 Asians, and 181 Hispanics) [11] , the National Heart, Lung and Blood Institute Grand Opportunity (NHLBI GO) Exome Sequencing Project (n = 6,503 subjects; 4,300 Caucasians and 2,203 African-Americans) [35] , and the Exome Chip Design (n = 12,000 subjects) [1] .
All possible pathogenic mutations were confirmed in the SUDY case's genomic DNA using standard polymerase chain reaction (PCR) and Sanger DNA sequencing methods. PCR primers, conditions, and sequencing methods are available upon request.
Results
Cohort Description
Demographic characteristics for our cohort are shown in Table 1 . The cohort contained 14 consecutively referred, unrelated autopsy-negative SUDY individuals (100 % Caucasian, mean age 17.4 ± 8.6 years, range 1.3-29 years). There were eight males (average age 18.2 ± 8.5 years, range 1.5-29 years) and six females (average age 16.4 ± 9.4 years, range 1.3-27 years). Event at time of death was sleep in 9 of 14 (64.3 %), non-specific in 3 (21.4 %), and unknown in two. Exact time of death is known for 6 (42.9 %), with the majority of these deaths occurring in the morning (4/6, 66.7 %). There was no contributory past medical history in 11 of 13 (84.6 %), and unknown in one. In the remaining two, past medical history was notable for unexplained pulmonary embolism 7 months prior to SUD, previous cardiac arrest, and prior syncopal episode in one individual (case 3), and an episode of diaphoresis and hypotension 17 months prior to SUD in another (case 10). At that time, troponin was elevated, and the individual underwent cardiac catheterization, which demonstrated questionable apical hypokinesis. Three individuals (21.4 %) had a known family history of cardiac abnormalities: SUD occurred in the mother of one (case 1) 5 years preceding that of the victim, with cause of death including a large mural thrombus involving the right ventricle, resulting in a fatal cardiac dysrhythmia; cardiomegaly, dilated cardiomyopathy, and myocarditis were additional diagnoses noted on autopsy in this relative, thought to be secondary to systemic lupus erythematosus. Family history of one (case 2) was significant for cardiac arrhythmias. In another (case 6), family history was significant for myocardial infarction at young age in the father and grandfather, and several cases of sudden infant death syndrome (SIDS) on the maternal side.
Prevalence of Ultra-Rare Non-Synonymous Possibly Pathogenic Mutations Following WES, an average of 77,836,271 total reads was produced with an average of 49,155,829 (63 %) reads mapped to the exome-targeted region per sample. The overall average gene level coverage at C10 reads (910) was 94.3 ± 1.8 %, and for the 117 targeted genes, the average coverage at 109 was 93.4 ± 8.6 %. For the most common channelopathy and cardiomyopathy genes, the average coverage at 109 was 88.6 ± 3.0 % for KCNQ1, 93.9 ± 1.8 % for KCNH2, 97.4 ± 2.1 % for SCN5A, 97.2 ± 1.7 % for RYR2, 90.6 ± 1.9 % for MYH7, and 94.6 ± 1.9 % for MYBPC3.
On average, each SUDY case had 12,758 ± 2,016 nonsynonymous single nucleotide variants (12,048 ± 1,914 missense mutations, 58 ± 10 splice site mutations, 95 ± 27 nonsense mutations) and coding region insertions/ deletions (219 ± 30 frame shift mutations, 290 ± 39 inframe mutations, 47 ± 4 splice site mutations). Of these variants, 79 ± 15 localized to the 117 surveyed genes ( Table 2) . Eight ultra-rare possibly pathogenic mutations (seven missense, one in-frame insertion) absent in three publically available exome databases were detected in six genes (D4301 N-TTN, I22160T-TTN, 9928_9929insE-TTN, T171M-CACNA1C, A1744S-MYH7, A189T-JPH2, S434Y-VCL, H4552R-RYR2) in 7 of 14 victims (50 %, Table 3 ). Only two of seven missense mutations (I22160T-TTN and T171M-CACNA1C) were predicted to be damaging by at least three of four in silico prediction tools (Polyphen2 [25] , SIFT [15] , Provean [23] , Mutation Assessor [9] ), and four missense mutations (D4301 N-TTN, A1744S-MYH7, A189T-JPH2, and H4552R-RYR2) were predicted to be either benign, tolerated, low or neutral by all four in silico prediction tools (Table 4) .
Despite the absence of gross or microscopic findings at time of autopsy, 6 of 14 cases (42.9 %) hosted rare variants in cardiomyopathy-associated genes (three with TTN, one with JPH2, one with MHY7, one with VCL mutation). Only 1 of 14 (7.1 %) had a mutation (H4552R-RYR2) in one of the four most common cardiac channelopathy genes. One individual (case 10) had two possibly pathogenic mutations (T171M-CACNA1C, A1744S-MYH7).
Discussion
Sudden cardiac death can be the sentinel event in young, otherwise healthy individuals and may represent the initial means of uncovering a familial sudden death-predisposing disorder. In the case of a negative autopsy, post-mortem genetic testing may reveal an underlying responsible genetic substrate, such as non-synonymous mutations within cardiac channelopathy and cardiomyopathy genes [32] . This information may be vitally important in identification and prophylactic treatment of surviving relatives genetically susceptible to this tragic fate [12] . Additionally, it provides for important bio-epidemiological information enabling an accurate determination of cause and manner of death.
Comprehensive post-mortem genetic testing (or ''molecular autopsy'') is becoming part of the standard of care in these cases and has been addressed extensively [2, 3, 8, 27] , with WES being especially relevant, as over 100 cardiac channelopathy-, cardiomyopathy-, and metabolic disorder-susceptibility genes associated with SUDY have been discovered. In fact, we recently provided the first ever proof-of-principle case report of a WES-based comprehensive molecular autopsy of an otherwise healthy 16-year-old SUDY victim, where we identified a pathogenic MYH7 mutation, previously described with familial HCM, sudden death, and impaired MHC-b actin-translocating and actin-activated ATPase activity [19] . This case illustrated the potential efficiency and cost-effectiveness of WES in the comprehensive genetic evaluation of a SUDY victim with mutation identification and subsequent genetic interrogation of surviving family members also at risk for HCM and possible sudden death.
WES allows for rapid genetic analysis of an individual's complete complement genes at a relatively low cost, using a small amount of DNA. This makes it an appealing approach for post-mortem genetic analysis of SUDY, where funding and source DNA is often limited, but timely identification of the responsible pathogenic substrate can bring much needed closure to the family, and perhaps more importantly, identify others at risk. Unfortunately, as illustrated in our current study and that recently by Bagnall et al. [6] , the WES-based approach may not be ready for prime time in the post-mortem setting. While the comprehensive nature of WES may be beneficial, it creates the daunting task of scrutinizing thousands of non-synonymous genetic variants for each exome, many of which may be rare, predicted in silico to be deleterious, and reside within biologically plausible genes. In our SUDY cohort, over 12,000 non-synonymous variants were, on average, detected in each individual, of which approximately 80 on average localized to 117 surveyed sudden death-susceptibility genes. Additionally, tens to hundreds of other rare, non-synonymous variants may be identified in genes whose encoded protein products have not yet been established as disease causing but have biological plausibility for contribution to a sudden death-associated phenotype. Variant interpretation must therefore be performed carefully, given the tremendous psychological consequences of potential misdiagnosis. In fact, the recent American College of Medical Genetics (ACMG) policy warns that ''it is critical that the standards for what is reportable be high to avoid burdening the health-care system and consumers with what could be very large numbers of false-positive results'' [4] . This is especially important in regards to incidental findings that may not be consistent with the individual's disease phenotype and is particularly difficult in autopsy-negative SUDY, where there are no evidentiary clues to guide genetic testing.
Half of our SUDY cases contained at least one ultra-rare variant among 117 sudden death-associated genes, with nearly 43 % of cases having mutations in cardiomyopathyassociated genes, despite having an autopsy without overt structural pathology. Importantly, however, an ultra-rare variant does not always equal a pathogenic one. This concept of a rare variant being just that ''just there, just Cardiomyopathies: ACM arrhythmogenic cardiomyopathy, DCM dilated cardiomyopathy, HCM hypertrophic cardiomyopathy, FAOD fatty acid oxidation disorder, SUDEP sudden unexplained death in epilepsy rare, just because'' must be considered critically, and distinguishing a rare, innocuous variant from a truly pathogenic mutation that may be responsible for the overall phenotype is vitally important [18, 31] . Whether or not the JPH2, MYH7, TTN, and VCL, rare variants discovered in this cohort, are pathogenic or simply exceedingly rare but nevertheless non-disease causing requires extensive functional studies. Given the high degree of background genetic noise in TTN-encoded titin and the lack of structural pathology identified at autopsy, we suspect that the ultra-rare non-synonymous TTN missense variants identified are non-contributory to the SUD. Among the four most common cardiac channelopathyassociated genes previously identified as the pathogenic basis for approximately 15-35 % of SUDY [16, 28, 32] , only a single case (7 % of our cohort) had a mutation (H4552R-RYR2) in one of these genes. Similarly, Bagnall et al. [6] in their recent post-mortem, WES-based postmortem genetic analysis, identified a rare genetic variant in the four major channelopathy genes in 7 % of their cases. In our previous, denaturing high-performance liquid chromatography and Sanger sequencing-based post-mortem genetic analysis of 173 unrelated autopsy-negative SUDY cases, we demonstrated that approximately onefourth (13 % in either KCNQ1, KCNH2, or SCN5A and 12 % in RYR2) harbored mutations in the major cardiac channelopathy genes [32] . This raises the possibility that our sentinel molecular autopsy studies may have been influenced unwittingly by a referral bias whereby medical examiner's had elected to send their unsolved SUDY cases that struck them as ''channelopathic'' because of the circumstances, triggers, setting, and so forth.
Two cases had subtle histopathologic alterations, including fibrosis and hypertrophy (case 8), and intramural coronary artery changes (case 9). While these changes were not significant enough per the referring medical examiner to be diagnostic of cardiomyopathy, they are clearly abnormal. Gross and histologic changes in nascent cardiomyopathies are not well described, which is particularly problematic in a young cohort. Large-scale studies involving comprehensive genotype-phenotype correlation will be imperative in ascribing more definitive significance to these often subtle findings [10] .
One SUDY victim (case 10) was unresponsive behind the steering wheel of a car and experienced cardiac arrest in the Emergency Department. This individual had the mutation in one of the channelopathy-associated genes (T171M-CACNA1C), predicted to be deleterious by three independent in silico tools. Given the absence of family history, this may represent a de novo mutation responsible for SUD. However, without parental DNA, this suspicion cannot be confirmed. Conversely, no putatively pathogenic mutations were discovered in three cases (cases 2, 3, 6) tetrahydrocannabinol that contained suggestive personal or family history. This could suggest the involvement of a novel disease gene/ mechanism responsible for the SUD or a potential mutation detection failure by WES in these three cases as WES is not as sensitive as Sanger sequencing. While demographic differences between cohorts can, in part, explain discrepancies in mutation detection yield, there is a possibility with WES, that exon coverage may not be optimal for each gene analyzed, leading to falsenegative results. Bagnall and colleagues [6] have highlighted the potential short-comings of the current generation of WES by performing gene-targeted coverage analysis indicating deficiencies in both KCNQ1 and KCNH2 exome coverages, where nearly 25 % of KCNH2 had inadequate sequencing coverage. This suggests the potential for mutation detection failure in these two genes. In fact, the coverage of the exome capture technology, the sequencing quality, and read mapping all contribute to the sensitivity of detecting mutations [36] . Whether potential WES coverage issues have resulted in mutation detection misses in our cohort is unknown.
In contrast, false-positive variants (i.e., sequencing artifact) as a result of library construction biases, errant polymerase reactions, difficulty in short sequence read mapping, and misalignment with a genomic reference sequence can be produced during WES [14] . As such, it is extremely important to validate any putative mutation identified by WES using standard Sanger sequencing protocols, and this should be done regardless of the WES variant quality score and/or read depth. In our study, all variants reported have been Sanger sequence validated.
WES is a promising time-and cost-effective technique for discovering the genetic basis of SUDY. However, limitations of WES for mutation discovery and the heavy burden of genetic variant interpretation must be recognized. Given the complexities of inheritance patterns, expressivity, penetrance, and variability of phenotypes in channelopathies and cardiomyopathies, strong collaboration between multiple experts, including cardiovascular specialists, geneticists, and genetic counselors is paramount [17, 31] . Perhaps, the only thing worse than being unable to tell a grieving family what caused their loved one's sudden death is to prematurely and incorrectly tell them that the genetic root cause has been found.
